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Efficient CulnSe, Solar Cells Fabricated
by a Novel Ink Coating Approach
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A novel technique is developed for the deposition of CWSES) thin films for solar cell applications. The technique uses an ink
formulation that contains Cu-In metallic pigments. A precursor layer is first formed coating this ink onto the selectéel Jitestra
precursor film is then reacted with Se to form the CIS compound. Solar cells were fabricated on CIS absorber layers prepared by
this low cost ink coating approach and devices with a conversion efficiency of over 9.0% were demonstrated.
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Group I-11I-VI materials are considered to be highly promisingas  Thin layers of CIS deposited by screen printing were also stud-
absorber layers in high-efficiency thin film solar cell structures. Inied by Vervaet et al. wh@) milled a CIS powder for particle size
fact, the highest efficiency thin film device to date was produced orreductionii) added excess Se powder and other agents such as 1,2-
a Cu(In,Ga)Sg(CIGS) absorber film grown by a vacuum evapora- propanediol into the formulation to prepare a screen printable paste,
tion technique. The demonstrated conversion efficiency of 17.7%iii) screen printed precursor layers onto borosilicate and alumina
confirmed the capability of this material to yield highly efficient substrates, an(iv) sintered the precursor layers at high temperature
active devices when employed in thin film solar cell structlires. (>500°C) to form the compound filndsThe major problem in this

Conversion efficiency is just one of the factors to consider wherapproach was finding a suitable sintering aid or fluxing agent for
commercialization potential of a thin film photovoltaic (PV) tech- CIS film formation. Among many agents studied, Cu-selenide was
nology is evaluated. Another factor that is equally important is thethe best for grain growth. But films containing this phase could not
cost of the PV product. To make a thin film solar cell technologybe used for solar cell fabrication since they had Cu/In ratios larger
competitive, first with the existing Si-based PV modules, and therthan 1.0. More recently, the same research group experimented with
with the traditional methods of electric power generation, one has t€uTISe, a compound with a melting point of about 400°C, as a
develop film growth techniques that can deposit high qualityfluxing agent and demonstrated grain growth for films with
absorber materials and other components of the solar cells on largeu/(In+Tl) ratios in the acceptable range of 0.9-1.0. However, the
area substrates, using cost-effective approaches with high yield armblar cells fabricated on the resulting layers were still poor with con-
high materials utilization. version efficiencies of only about 1%. The sintering temperature

High-efficiency solar cells have commonly been fabricated on>600°C used in this process was also high for low-cost glass sub-
CulnSe (CIS) or CIGS absorbers deposited by costly vacuum depostrates.
sition techniques such as coevapordtiand two-stage processes As can be seen from the review of previous work, the nature of
utilizing evaporation or sputteririgThere is presently great interest the ingredients in the formulation of a paste or an ink is very impor-
in the development of new lower cost processing methods for théant for the formation of a precursor layer which can later be con-
growth of high quality CIS-type absorbers for thin film solar cell verted into a high quality CIS-type compound film with properties
applications. that are desirable for solar cell applications. In this article we report

Slurry or ink deposition by large area nonvacuum coating methoda low-cost ink coating technique that was successfully employed for
such as screen printing, spraying, curtain coating, roll coating, or docthe deposition of CIS absorbers that could be used for the fabrication
tor blading are attractive low-cost approaches for the growth of thirof over 9% efficient thin film solar cells.
film solar cell absorbers, provided that the precursor layers obtained Experimental
by these deposition techniques can be converted into high quality
semiconductor films that are required for solar cell fabrication.

There have been several attempts to deposit CIS absorbers usi
the screen printing technique. For example, Arita et al. described At
method that involvedi) mixing pure Cu, In, and Se powders in the
compositional ratio of 1:1:4ji) milling these powders in a ball mill
and forming a screen printable pagt&) screen printing the paste
on a substrate, ar{tl) sintering this precursor film to form the com- CIS compound
pound laye® Milling of the powder mix was done in a medium such P ’

. The source of Cu and In in this work was a Cu-In alloy powder
as water or ethylene glycol monophenyl ether to reduce the parJ['Cl\(/evith a preselected and fixed Cu/In stoichiometric ratio. The Cu-In

e O oty poder was btaine by th e stomizaton teciue. T re-
: L are the powder, 99.99% pure Cu and 99.99% pure In were melted

cate glass substrate by .the screen printing method. The. po;tdgpoghder a h?/drogen curtainoaﬁ above 900°C. The 0Cﬁ/ln ratio of the melt

tion treatment step consisted of annealing the precursor film in nitro- .

gen gas at 700°C. As a result, a compound film was formed on th orresponded to the targeted value range of 0.87-0.9. The melted

substrate. For evaluating the electronic properties of the resultin ltz)):qﬁv:r?ctr:%ngs?ezrsnegljgtnocEce“(ljw:)?):/\l/g; ﬁsaégﬂzg de?tﬁfglggtﬁ)rrﬁsof

fggr:géng c’)nf/lg S%l:]tg?ﬁr; efr?gggegfgu C(;]dds é\(/i::?a ss\‘zﬁre Igs\l/lesé tE;; f{]& e reactor and sieved to separate the particles that were smaller than
0 um in size which were used in this work as the pigment.

X-ray diffrac'gion (XRD) data frpm Arita et .a|. indicated that indium About 10 g of the Cu-In pigment was mixed with 23 g of water
s el a5 the Solvent, and that Cu, I, &nd S reacted with ca@ySTell AMOUN: (EbOut 1.5 Wt %) of a weting agent and dispersat
other to some extent forming CIS particles in the ink ere add_ed to this aqueous formulatlon. The mixture was mnlle_d in
) a ball mill for 42 h. The resulting metallic ink was water-thin.
* Electrochemical Society Active Member. Particle size analysis was done on a sample of this ink using a
Z E-mail: bbasol@earthlink.net

The general steps of the low-cost process used in this work for
[‘:—Ur:g growth of thin film CIS absorbers are schematically shown in

. 1. As can be seen from this figure, the method involves prepa-
on of a metallic powder, formation of a metallic ink using the
powder, deposition of this ink in the form of a thin metallic precur-
sor layer over a substrate, and finally, reaction of the metallic pre-
cursor layer with gaseous selenium at high temperatures to form the
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1 Results and Discussion

As indicated above, the largest particle size in the Cu-In alloy
powder used here was Rfn. After this powder was milled into an
ink the largest particle size was 21, the mean particle size was

Horiba particle size analyzer. Glass/Mo substrates were prepared Pout 0.5um. ) .
depositing 0.51m thick Mo layers on 3 mm thick soda-lime glass Figure 2_shows the XRD_ data obtained from a_metalllc precursor
sheets in an in-line dc magnetron sputtering system. Precursor filnigyer deposited on a soda-lime glass substrate using therisdge
containing the milled Cu-In metallic pigment were coateer dhe of the coating cup. The dried thickness of this layer as measured by
glass or glass/Mo substrates by the cup-coating (or doctor blading) Surface profilometer was about @0. By depositing a relatively
technique using a few drops of the prepared ink. In this technique th&ick film on a plain glass substrate the phase content of the ink
coating instrument was a stainless steel bar of approximately 1 ~ could easily be determined All of the peaks in the data of Fig. 2 are
x 6 in. The coating edge of this bar was machined so that when tHgentified and indexed to the known In-rich and Cu-rich alloy phas-
bar was placed on the flat surface of the glass substrate, there wa$®0f CulB (peaks labeled A, Ref. 7) and 3lng (peaks labeled B,
gap between the bar and the substrate surface as is schematicalfyPDS card 41- 883). Based on the fixed Cu/In ratio in the starting
shown in Fig. 1. A few drops of the Cu-In ink was placed in front of alloy powder, the molar ratio of the Cylphase to the Gylng phase
the gap of the bar and the bar was dragged on the substrate. In tisthe precursor layer is expected to be about 3.6.
way a wet film was formed behind the moving bar. The film thick- ~ There are no peaks associated witjOgin the diffraction pat-
ness in this method is a function of the gap dimension. The cup usd@fn of Fig. 2. Itis interesting to note that previous work on milling
in this work had coating edges with openings (gaps) ranging from 1&U, In, and Se powders in water-based solvents resulted in the for-
to 150um, to spread the ink over the surface of the substrate in a unfnation of an 1903 phase as reported by the XRD data of Arita et al.,
form manner. In this way, films with various thicknesses could peindicating excessive oxidation of indium in the water-based formu-
obtained. After coating, the wet films were dried in an oven at 60°c/ation3 In our approach, indium is in the form of Cu-In alloys.
Selenization of the precursor layers was carried out in a reactdpXidation of indium which is tied in an alloy phase is expected to be
that employed 5% kBe + 95% N gas mixture. Selenization tem- less energetically favorable compared to the oxidation of pure indi-
perature was 440°C and the selenization time was 30 min. XRM, and this is confirmed by the data of Fig. 2. As evidenced by the
analysis was carried out to determine the phases in the precursor la§@rticle size analysis results, the milling step has been effective in
ers as well as the selenized films. reducing the size of the relatively brittle Cu-In alloy particles. Pure
Solar cells with the glass/Mo/CIS/CdZnS/znO structure were fapIndium powder is soft and when milled in a ball mill, it forms
ricated on the CIS absorbers by depositing CdznS buffer layers anjatelets that coat the milling media instead of forming a dispersion.
ZnO window films. Thin layers (500-1000 A) of CdZnS with about Ease of milling and reduced oxidation during processing in water
10% Zn were coated by the commonly used chemical bath depositicfPlutions are some of the attractive and unique features of the pig-
technique. The deposition bath consisted of 5 mL of 0.5 M zincMent chemistry that was developed and employed here.
acetate, 10 mL of 1.0 M cadmium acetate, 7 mL of triethanolamine, Figure 3 shows the XRD patterns taken from a precursor film sel-
4.5 mL of ammonium hydroxide, and 55 mL of distilled water. The enized in the BSe reactor under the conditions previously specified.
solution was heated to 55°C and then the glass/Mo/CIS sample wadhis film was deposited on a glass/Mo substrate and the thickness of
placed in the beaker containing the solution. 12 mL of 1.0 M thiouregh€ dried precursor was only aboytr8. Two of the reflection peaks
was then added to the beaker initiating the CdznS deposition which! Fig. 3 correspond to the underlying Mo layer as noted on the fig-
lasted 10 min. CdZnS deposition was followed by the deposition of &ir€. All the other peaks index well with the chalcopyrite CIS phase
transparent ZnO layer at 175°C by the metallorganic chemical vapdidCPDS card 40-1487) indicating the capability of the present tech-
deposition technique employing diethyl zinc as the zinc source, watepique to yield single-phase material. The preferred orientation of the
vapor as the oxygen source, and diborane as the n-type @apant. compound layer is <112> as is commonly observed in films grown
thickness and the sheet resistance of the ZnO layers were about 2% the coevaporation or vacuum-based two-stage processes.
pm and 1@ per square, respectively. Solar cells of 0.09-0 Banea ~ Figure 4 shows the illuminated |-V characteristics and the rela-
were isolated by photolithography followed by an etching step in Hcitive quantum efficiency of a solar cell fabricated on a CIS absorber
which removed the excess CdZnS/ZnO layers around the define@foWn by the ink coating method. The efficiency of this 0.428 cm

area of the device. Solar cells were characterized by illuminated I-\&réa device is 8.6% with the open-circuit voltaggy) short-circuit
measurements under AM1.5 conditions. current denSItykc), and fill factor FF) values of 0.424 V, 31.52
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Figure 3. XRD data taken from a precursor layer which west fleposited
on a glass/Mo substrate and then selenized,8elAll reflections are either
associated with Mo or with the tetragonal CIS phase.
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Figure4. (a) llluminated I-V characteristics of an 8.6%ti@ént solar cell fab-
ricated on a CIS absorber. Area = 0.4262,cW). = 0.424V, J;.= 31.52
mA/cn?, andFF = 64.35%; (b) relatie quantum dfciengy of the device in a.
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Figure 5. llluminated |-V characteristics of a 0.09 €IS solar cellV,,=
0.43 \, J;.= 33.33 mA/cr, FF = 65.7%, and ditiency = 9.42%.

mA/cn?, and 64.35%, respevtily. The rather steep decline of the
quantum dfciency curve at longer avelengths in Fig. 4b indicates
that the current collection from the rear of this device was poor. This
is at least partially responsible for the Idy value.The shunt and
series resistance values of the cell were also obtained from the dark
I-V measurements and they were@ &nd 4.74, respectiely. The
illuminated I-V characteristics of a smaller area (0.09)sular cell
fabricated on another CIS absorber layer is shown in Fig. 5. This
device has a corersion eficiency of 9.42% ¥ .= 0.43V, J;.=

33.33 mA/cnd, FF = 65.7% ).

The abee results demonstrate the potential of a truly low-cost
ink coating technique for the manufacture of CIS-type thin film solar
cells. In addition to its low cost, the technique has other desirable
features such as nearly 100% materials utilization, absolute control
over the Cu/In stoichiometric ratio which is critical in CIS-type
absorbersand the capability of coating large area substrates using
methods such as spraying or screen printing. The technique can also
utilize nanoparticle pigments to eliminate the milling step for the
preparation of inks or pastedlork is now in progress to delop
inks containing Ga to be able to gr€1GS absorbers forven high-
er eficiency solar cell fabrication.
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